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We review the theoretical status of b→ s hadronic penguin decays in the Standard
Model and beyond. We summarize the main theoretical tools to compute Branching
Ratios and CP asymmetries for b → s penguin dominated nonleptonic decays, and
discuss the theoretical uncertainties in the prediction of time-dependent CP asymme-
tries in this processes. We consider general aspects of b→ s transitions beyond the
Standard Model. Then we present detailed predictions in supersymmetric models
with new sources of flavor and CP violation.
I. INTRODUCTION
New Physics (NP) can be searched for in two ways: either by raising the available energy
at colliders to produce new particles and reveal them directly, or by increasing the experi-
mental precision on certain processes involving Standard Model (SM) particles as external
states. The latter option, indirect search for NP, should be pursued using processes that
are forbidden, very rare or precisely calculable in the SM. In this respect, Flavor Changing
Neutral Current (FCNC) and CP-violating processes are among the most powerful probes
of NP, since in the SM they cannot arise at the tree-level and even at the loop level they
are strongly suppressed by the GIM mechanism. Furthermore, in the quark sector they
are all calculable in terms of the CKM matrix, and in particular of the parameters ρ¯ and
η¯ in the generalized Wolfenstein parametrization [1]. Unfortunately, in many cases a deep
understanding of hadronic dynamics is required in order to be able to extract the relevant
short-distance information from measured processes. Lattice QCD allows us to compute the
necessary hadronic parameters in many processes, for example in ∆F = 2 amplitudes. In-
deed, the Unitarity Triangle Analysis (UTA) with Lattice QCD input is extremely successful
in determining ρ¯ and η¯ and in constraining NP contributions to ∆F = 2 amplitudes [2–6].
Once the CKM matrix is precisely determined by means of the UTA (either within the
SM or allowing for generic NP in ∆F = 2 processes), it is possible to search for NP con-
2tributions to ∆F = 1 transitions. FCNC and CP-violating hadronic decays are indeed the
most sensitive probes of NP contributions to penguin operators. In particular, penguin-
dominated nonleptonic B decays can reveal the presence of NP in decay amplitudes [7–9].
The dominance of penguin operators is realized in b→ sqq¯ transitions.
Thanks to the efforts of the BaBar and Belle collaborations, B-factories have been able
to measure CP violation in several b → s penguin-dominated channels with an impressive
accuracy [10–20]. To fully exploit this rich experimental information to test the SM and
look for NP, we need to determine the SM predictions for each channel. As we shall see
in the following, computing the uncertainty in the SM predictions is an extremely delicate
task. Only in very few cases it is possible to control this uncertainty using only experimental
data; in general, one has to use some dynamical information, either from flavor symmetries
or from factorization. Computing CP violation in b → s penguins beyond the SM is even
harder: additional operators arise, and in many cases the dominant contribution is expected
to come from new operators or from operators that are subdominant in the SM. In the
near future, say before the start of the LHC, we can aim at establishing possible hints of
NP in b → s penguins. With the advent of the LHC, two scenarios are possible. If new
particles are revealed, b→ s penguin decays will help us identify the flavor structure of the
underlying NP model. If no new particles are seen, b → s penguins can either indirectly
reveal the presence of NP, if the present hints are confirmed, or allow us to push further the
lower bound on the scale of NP. In all cases, experimental and theoretical progress in b→ s
hadronic penguins is crucial for our understanding of flavor physics beyond the SM.
This review is organized as follows. In Sec. II we quickly review the basic formalism for
b→ s nonleptonic decays, and the different approaches to the calculation of decay amplitudes
present in the literature. In Sec. III, we present the predictions for Branching Ratios (BR’s)
and CP violation within the SM following the various approaches, and compare them with
the experimental data. In Sec. IV, we discuss the possible sources of NP contributions to
b → s penguins and how these NP contributions are constrained by experimental data on
other b → s transitions. In Sec. V, we concentrate on SUSY extensions of the SM, discuss
the present constraints and present detailed predictions for CP violation in b→ s penguins.
In Sec. VI we briefly discuss b → s penguins in the context of non-SUSY extensions of the
SM. Finally, in Sec. VII we summarize the present status and discuss future prospects.
3II. BASIC FORMALISM
A. Generalities
The basic theoretical framework for non-leptonic B decays is based on the Operator
Product Expansion (OPE) and renormalization group methods which allow to write the
amplitude for a decay of a given meson B=Bd, Bs, B
+ into a final state F generally as
follows:
A(B → F ) = 〈F |Heff |B〉 =
(
GF√
2
12∑
i=1
V CKMi Ci(µ) + C
NP
i (µ)
)
〈F |Qi(µ)|B〉
+
NNP∑
i=1
C˜NPi (µ)〈F |Q˜i(µ)|B〉. (1)
Here Heff is the effective weak Hamiltonian, with Qi denoting the relevant local operators
which govern the decays in question within the SM, and Q˜i denoting the ones possibly
arising beyond the SM. The CKM factors V CKMi and the Wilson coefficients Ci(µ) describe
the strength with which a given operator enters the Hamiltonian; for NP contributions, we
denote with CNPi (µ) and C˜
NP
i (µ) the Wilson coefficients arising within a given NP model,
which can in general be complex. In a more intuitive language, the operators Qi(µ) can
be regarded as effective vertices and the coefficients Ci(µ) as the corresponding effective
couplings. The latter can be calculated in renormalization-group improved perturbation
theory and are known including Next-to-Leading order (NLO) QCD corrections within the
SM and in a few SUSY models [21–23]. The scale µ separates the contributions toA(B → F )
into short-distance contributions with energy scales higher than µ contained in Ci(µ) and
long-distance contributions with energy scales lower than µ contained in the hadronic matrix
elements 〈Qi(µ)〉. The scale µ is usually chosen to be O(mb) but is otherwise arbitrary.
The effective weak Hamiltonian for non-leptonic b→ s decays within the SM is given by:
Heff = 4GF√
2
{
VubV
∗
us
[
C1(µ)
(
Qu1(µ)−Qc1(µ)
)
+ C2(µ)
(
Qu2(µ)−Qc2(µ)
)]
−VtbV ∗ts
[
C1(µ)Q
c
1(µ) + C2(µ)Q
c
2(µ) +
∑
i=3,12
Ci(µ)Qi(µ)
]}
, (2)
4with
Qu
i
1 = (b¯Lγ
µuiL)(u¯
i
LγµsL) , Q
ui
2 = (b¯Lγ
µsL)(u¯
i
Lγµu
i
L) ,
Q3,5 =
∑
q(b¯Lγ
µsL)(q¯L,RγµqL,R) , Q4 =
∑
q(b¯Lγ
µqL)(q¯LγµsL) ,
Q6 = −2∑q(b¯LqR)(q¯RsL) , Q7,9 = 32 ∑q(b¯LγµsL)eq(q¯LγµqL) ,
Q8 = −3∑q eq(b¯LqR)(q¯RsL) , Q10 = 32 ∑q eq(b¯LγµqL)(q¯LγµsL) ,
Q11 =
e
16pi2
mb(b¯Rσ
µνsL)Fµν , Q12 =
g
16pi2
mb(b¯Rσ
µνT asL)G
a
µν ,
(3)
where qL,R ≡ (1 ∓ γ5)/2q, ui = {u, c} and eq denotes the quark electric charge (eu = 2/3,
ed = −1/3, etc.). The sum over the quarks q runs over the active flavors at the scale µ.
Q1 and Q2 are the so-called current-current operators, Q3−6 the QCD-penguin operators,
Q7−10 the electroweak penguin operators and Q11,12 the (chromo)-magnetic penguin oper-
ators. Ci(µ) are the Wilson coefficients evaluated at µ = O(mb). They depend generally
on the renormalization scheme for the operators. The scale and scheme dependence of the
coefficients is canceled by the analogous dependence in the matrix elements. It is therefore
convenient to identify the basic renormalization group invariant parameters (RGI’s) and to
express the decay amplitudes in terms of RGI’s. This exercise was performed in ref. [24],
where the RGI’s were identified and the decay amplitudes for several two-body nonleptonic
B decays were written down. For our purpose, we just need to recall a few basic facts about
the classification of RGI’s. First of all, we have six non-penguin parameters, containing only
non-penguin contractions of the current-current operators Q1,2: emission parameters E1,2,
annihilation parameters A1,2 and Zweig-suppressed emission-annihilation parameters EA1,2.
Then, we have four parameters containing only penguin contractions of the current-current
operators Q1,2 in the GIM-suppressed combination Q
c
1,2−Qu1,2: PGIM1 and Zweig suppressed
PGIM2−4 . Finally, we have four parameters containing penguin contractions of current-current
operators Qc1,2 (the so-called charming penguins [25]) and all possible contractions of penguin
operators Q3−12: P1,2 and the Zweig-suppressed P3,4.
Let us now discuss some important aspects of b → s penguin nonleptonic decays. First
of all, we define as pure penguin channels the ones that are generated only by Pi and P
GIM
i
parameters. Pure penguin b→ s decays can be written schematically as:
A(B → F ) = −V ∗ubVus
∑
PGIMi − V ∗tbVts
∑
Pi . (4)
Neglecting doubly Cabibbo suppressed terms, the decay amplitude has vanishing weak phase.
Therefore, there is no direct CP violation and the coefficient SF of the sin∆mt term in the
5time-dependent CP asymmetry (for F a CP eigenstate with eigenvalue ηF ) measures the
phase of the mixing amplitude: SF = ηF ImλF = −ηF sin 2φM , where λF ≡ qp A¯A = e−2iφM ,
A = A(B → F ), A¯ = A(B¯ → F ) and φM = β (−βs) for Bd (Bs) mixing. Comparing the
measured SF to the one obtained from b → cc¯s transitions such as Bd(s) → J/ΨKs(φ) can
reveal the presence of NP in the b → s penguin amplitude. However, to perform a precise
test of the SM we need to take into account also the doubly Cabibbo suppressed terms in
Eq. (4). The second term then acquires a small and calculable weak phase, leading to a small
and calculable ∆S = −ηFSF − sin 2φM . Furthermore, we must consider the contribution
from the first term, i.e. the contribution of GIM penguins. An estimate of the latter requires
some knowledge of penguin-type hadronic matrix elements, which can be obtained either
from theory or from experimental data. Let us define this as the “GIM-penguin problem”:
we shall come back to it in the next Section after introducing the necessary theoretical
ingredients.
Besides pure penguins, we have b → s transitions in which emission, annihilation or
emission-annihilation parameters give a contribution to the decay amplitude. Let us call
these channels penguin-dominated. Then we can write schematically the decay amplitude
as:
A(B → F ) = −V ∗ubVus
∑(
Ti + P
GIM
i
)
− V ∗tbVts
∑
Pi , (5)
where Ti = {Ei, Ai,EAi}. Also in this case, neglecting doubly Cabibbo suppressed terms
the decay amplitude has vanishing weak phase, so that ∆S = 0 at this order. However, we
expect Ti > Pj so that the double Cabibbo suppression can be overcome by the enhancement
in the matrix element, leading to a sizable ∆S. Once again, the evaluation of ∆S requires
some knowledge of hadronic dynamics. Let us define this as the “tree problem” and return
to it in the next Section.
B. Evaluation of hadronic matrix elements
The last decade has witnessed remarkable progress in the theory of nonleptonic B decays.
Bjorken’s color transparency argument has been put on firm grounds, and there is now a wide
consensus that many B two-body decay amplitudes factorize in the limit mb →∞ and are
therefore computable in this limit in terms of few fundamental nonperturbative quantities.
Three different approaches to factorization in B decays have been put forward: the so-called
6QCD factorization [26–30], perturbative QCD (PQCD) [31–33] and Soft-Collinear Effective
Theory (SCET) [34–38]. A detailed discussion of these approaches goes beyond the scope
of this review; for our purpose, it suffices to quickly describe a few aspects that are relevant
for the study of b→ s penguin nonleptonic decays.
Unfortunately, as suggested in ref. [25] and later confirmed in refs. [39–58], it turns out
that subleading corrections to the infinite mass limit, being doubly Cabibbo-enhanced in
b → s penguins, are very important (if not dominant) in these channels, so that they
reintroduce the strong model dependence that we hoped to eliminate using factorization
theorems. While different approaches to factorization point to different sources of large
corrections, no approach is able to compute from first principles all the ingredients needed
to test the SM in b → s penguins. Therefore, it is important to pursue, in addition to
factorization studies, alternative data-driven approaches that can in some cases lead to
model-independent predictions for CP violation in b→ s penguins.
Let us now quickly review the main tools that are available for the study of b → s
penguins.
1. QCD factorization
The first step towards a factorization theorem was given by Bjorken’s color transparency
argument [59]. Let us consider a decay of the B meson in two light pseudoscalars, where
two light quarks are emitted from the weak interaction vertex as a fast-traveling small-size
color-singlet object. In the heavy-quark limit, soft gluons cannot resolve this color dipole
and therefore soft gluon exchange between the two light mesons decouples at lowest order
in Λ/mb (here and in the following Λ denotes a typical hadronic scale of order ΛQCD).
Assuming that in B decays to two light pseudoscalars perturbative Sudakov suppression is
not sufficient to guarantee the dominance of hard spectator interactions, QCD Factorization
(QCDF) states that all soft spectator interactions can be absorbed in the heavy-to-light form
factor [26]. Considering for example B → ππ decays, the following factorization formula
holds at lowest order in Λ/mb:
〈π(p′)π(q)|Qi|B¯(p)〉 = fB→pi(q2)
∫ 1
0
dxT Ii (x)φpi(x) + (6)∫ 1
0
dξ dx dy T IIi (ξ, x, y)φB(ξ)φpi(x)φpi(y),
7where fB→pi(q2) is a B → π form factor, and φpi (φB) are leading-twist light cone distribution
amplitudes of the pion (B meson). T I,IIi denote the hard scattering amplitudes. Notice that
T I starts at zeroth order in αs and at higher order contains hard gluon exchange not involving
the spectator, while T II contains the hard interactions of the spectator and starts at order
αs.
The scheme and scale dependence of the scattering kernels T I,IIi matches the one of
Wilson coefficients, and the final result is consistently scale and scheme independent.
Final state interaction phases appear in this formalism as imaginary parts of the scattering
kernels (at lowest order in Λ/mb). These phases appear in the computation of penguin
contractions and of hard gluon exchange between the two pions. This means that in the
heavy quark limit final state interactions can be determined perturbatively.
A few remarks are important for the discussion of CP violation in b→ s penguins:
• Penguin contractions (including charming and GIM penguins) are found to be factor-
izable, at least at one loop.
• Subleading terms in the Λ/mb expansion are in general non-factorizable, so that they
cannot be computed from first principles. They are important for phenomenology
whenever they are chirally or Cabibbo enhanced. In particular, they cannot be ne-
glected in b → s penguin modes. This introduces a strong model dependence in the
evaluation of b→ s penguin BR’s and CP asymmetries.
• Power suppressed terms can invalidate the perturbative calculation of strong phases
performed in the infinite mass limit. Indeed, in this case subleading terms in the
Λ/mb expansion can dominate over the loop-suppressed perturbative phases arising at
leading order in Λ/mb.
2. PQCD
The basic idea underlying PQCD calculations is that the dominant process is hard gluon
exchange involving the spectator quark. PQCD adopts the three-scale factorization theorem
[60] based on the perturbative QCD formalism by Brodsky and Lepage [61], with the inclu-
sion of the transverse momentum carried by partons inside the meson. The three different
scales are the electroweak scale MW , the scale of hard gluon exchange t ∼ O(
√
Λmb), and
8the factorization scale 1/b, where b is the conjugate variable of parton transverse momenta.
The nonperturbative physics at scales below 1/b is encoded in process-independent meson
wave functions. The inclusion of transverse momentum leads to a Sudakov form factor which
suppresses the long distance contributions in the large b region, and vanishes as b > 1/Λ.
This suppression renders the transverse momentum flowing into the hard amplitudes of order
Λmb. The off-shellness of internal particles then remains of O(Λmb) even in the end-point
region, and the singularities are removed.
Notice that:
• Contrary to QCD factorization, in PQCD all contributions are assumed to be cal-
culable in perturbation theory due to the Sudakov suppression. This item remains
controversial (see refs. [62] and [63]).
• The dominant strong phases in this approach come from factorized annihilation dia-
grams.
• Also in this case, there is no control over subleading contributions in the Λ/mb expan-
sion.
3. SCET
Soft-collinear effective theory is a powerful tool to study factorization in multi-scale prob-
lems. The idea is to perform a two-step matching procedure at the hard (O(mb)) and hard-
collinear (O(√mbΛ)) scales. The final expression is given in terms of perturbative hard
kernels, light-cone wave functions and jet functions. For phenomenology, it is convenient to
fit directly the nonperturbative parameters on data using the following expression for the
decay amplitude, valid at leading order in αs [56–58]:
A(B →M1M2) ∝ fM1ζBM2J
∫ 1
0
duφM1(u)T1J(u) + fM1ζ
BM2T1ζ + 1↔ 2 + AM1M2cc ,
where T ’s are perturbative hard kernels, ζ ’s are nonperturbative parameters and Acc denotes
the “charming penguin” contribution.
We notice that:
• Charming penguins are not factorized in the infinite mass limit in this approach,
contrary to what obtained in QCD factorization;
9• Phenomenological analyses are carried out at leading order in αs and at leading power
in Λ/mb;
• No control is possible on power corrections to factorization.
4. SU(3) flavor symmetry
An alternative approach that has been pursued extensively in the literature is to use
SU(3) flavor symmetry to extract hadronic matrix elements from experimental data and
then use them to predict SU(3)-related channels [64–87]. In principle, in this way it is
possible to eliminate all the uncertainties connected to factorization and the infinite mass
limit. On the other hand, SU(3)-breaking must be evaluated to obtain reliable predictions.
A few comments are in order:
• In some fortunate cases, such as the contribution of electroweak penguins Q9,10 to
B → Kπ decays, SU(3) predicts some matrix elements to vanish, so that they can be
assumed to be suppressed even in the presence of SU(3) breaking [88–90].
• Explicit nonperturbative calculations of two-body nonleptonic B decays indicate that
SU(3)-breaking corrections to B decay amplitudes can be up to 80%, thus invalidating
SU(3) analyses of these processes [91].
• To take partially into account the effects of SU(3) breaking, several authors assume
that symmetry breaking follows the pattern of factorized matrix elements. While this
is certainly an interesting idea, its validity for b → s penguins is questionable, given
the importance of nonfactorizable contributions in these channels.
5. General parameterizations
The idea developed in Refs. [42, 92] is to write down the RGI parameters as the sum
of their expression in the infinite mass limit, for example using QCD factorization, plus an
arbitrary contribution corresponding to subleading terms in the power expansion. These
additional contributions are then determined by a fit to the experimental data. In b → s
penguins, the dominant power-suppressed correction is given by charming penguins, and the
corresponding parameter can be determined with high precision from data and is found to
10
be compatible with a Λ/mb correction to factorization [42]. However, non-dominant correc-
tions, for example GIM penguin parameters in b → s decays, can be extracted from data
only in a few cases (for example in B → Kπ decays) [92]. However, predictions for ∆S
depend crucially on these corrections, so that one needs external input to constrain them.
One interesting avenue is to extract the support of GIM penguins from SU(3)-related chan-
nels (b → d penguins) in which they are not Cabibbo-suppressed, and to use this support,
including a possible SU(3) breaking of 100%, in the fit of b → s penguin decays. Alter-
natively, one can omit the calculation in factorization and fit directly the RGI parameters
from the experimental data, instead of fitting the power-suppressed corrections [93, 94].
We remark that:
• Compared to factorization approaches, general parameterizations have less predictive
power but are more general and thus best suited to search for NP in a conservative
way.
• This method has the advantage that for several channels, to be discussed below, the
predicted ∆S decreases with the experimental uncertainty in BR’s and CP asymme-
tries of b→ s and SU(3)-related b→ d penguins.
We conclude this Section by remarking once again that neither the “GIM-penguin prob-
lem” nor the “tree problem” can be solved from first principles and we must cope with
model-dependent estimates. It then becomes very important to be able to study a variety
of channels in several different approaches. In this way, we can hope to be able to make
solid predictions and to test them with high accuracy. In the following, we quickly review
the present theoretical and experimental results, keeping in mind the goal of testing the SM
and looking for NP.
III. BR’S AND CP ASYMMETRIES WITHIN THE SM
The aim of this Section is to collect pre- and post-dictions for BR’s and CP asymmetries
of b→ s penguin decays obtained in the approaches briefly discussed in the previous Section.
The main focus will be on ∆S, but BR’s and rate CP asymmetries will play a key role in
assessing the reliability and the theoretical uncertainty of the different approaches.
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A. BR’s and rate CP asymmetries
In Tables I-III we report some of the results obtained in the literature for B decay BR’s
and CP asymmetries. For QCD Factorization (QCDF) results, the first error corresponds to
variations of CKM parameters, the second to variations of the renormalization scale, quark
masses, decay constants (except for transverse ones), form factors, and the η − η′ mixing
angle. The third error corresponds to the uncertainty due to the Gegenbauer moments in the
expansion of the light-cone distribution amplitudes, and also includes the scale-dependent
transverse decay constants for vector mesons. Finally, the last error corresponds to an
estimate of the effect of the dominant power corrections. For PQCD results from refs. [54,
55], the error only includes the variation of Gegenbauer moments, of |Vub| and of the CKM
phase. For PQCD results from ref. [95], the errors correspond to input hadronic parameters,
to scale dependence, and to CKM parameters respectively. For SCET results, the analysis is
carried out at leading order in αs and Λ/mb assuming exact SU(3). The errors are estimates
of SU(3) breaking, of Λ/mb corrections and of the uncertainty due to SCET parameters
respectively. SCET I and SCET II denote two possible solutions for SCET parameters in
the fit [58]. For General Parametrization (GP) results, the errors include the uncertainty
on CKM parameters, on form factors, quark masses and meson decay constants, and a
variation of Λ/mb corrections up to 50% of the leading power emission amplitude. The
values in boldface correspond to predictions (i.e. the experimental value has not been used
in the fit).
First of all, we notice that all approaches are able to reproduce the experimental BR’s
of B → PP penguins, although QCDF tends to predict lower BR’s for B → Pη′, albeit
with large uncertainties. Concerning BR’s of B → PV penguins, QCDF is always on the
low side and reproduces experimental BR’s only when the upper range of the error due to
power corrections is considered. PQCD shows similar features for K∗ and ρ modes, while it
predicts much larger values for BR’s of B → Kω decays.
The situation for rate CP asymmetries is a bit different. Both QCDF and SCET predict
ACP(B¯
0 → π0K¯0) ∼ −ACP(B¯0 → π+K−) while experimentally the two asymmetries have
the same sign. PQCD reproduces the experimental values, although it predicts ACP(B¯
0 →
π0K¯0) on the low side of the experimental value. It is interesting to notice that the GP
approach is able to predict the correct value and sign of ACP(B¯
0 → π0K¯0) in spite of the
12
TABLE I: Results for CP-averaged BR’s (in units of 10−6) and CP asymmetries (in %) in several
approaches for B → PP decays. Experimental averages from the Heavy Flavor Averaging Group
(HFAG) are also shown.
QCDF [50] PQCD [54, 55] SCET [58] GP [92] exp
BR(pi−K¯0) 19.3+1.9+11.3+1.9+13.2
−1.9− 7.8−2.1− 5.6 24.5
+13.6
− 8.1 20.8 ± 7.9± 0.6± 0.7 24.1 ± 0.7 23.1 ± 1.0
ACP(pi
−K¯0) 0.9+0.2+0.3+0.1+0.6
−0.3−0.3−0.1−0.5 0± 0 < 5 1.2± 2.4 0.9± 2.5
BR(pi0K−) 11.1+1.8 +5.8+0.9+6.9
−1.7−4.0−1.0−3.0 13.9
+10.0
− 5.6 11.3 ± 4.1± 1.0± 0.3 12.6 ± 0.5 12.8 ± 0.6
ACP(pi
0K−) 7.1+1.7+2.0+0.8+9.0
−1.8−2.0−0.6−9.7 −1+3−5 −11± 9± 11± 2 3.4± 2.4 4.7± 2.6
BR(pi+K−) 16.3+2.6+9.6+1.4+11.4
−2.3−6.5−1.4− 4.8 20.9
+15.6
− 8.3 20.1 ± 7.4± 1.3± 0.6 19.6 ± 0.5 19.4 ± 0.6
ACP(pi
+K−) 4.5+1.1+2.2+0.5+8.7
−1.1−2.5−0.6−9.5 −9+6−8 −6± 5± 6± 2 −8.9± 1.6 −9.5± 1.3
BR(pi0K¯0) 7.0+0.7+4.7+0.7+5.4
−0.7−3.2−0.7−2.3 9.1
+ 5.6
− 3.3 9.4± 3.6± 0.2 ± 0.3 9.5± 0.4 10.0 ± 0.6
ACP(pi
0K¯0) −3.3+1.0+1.3+0.5+3.4
−0.8−1.6−1.0−3.3 −7+3−3 5± 4± 4± 1 −9.8± 3.7 −12± 11
TABLE II: Results for two-body b → s penguin decays to η or η′ CP-averaged BR’s (in unit of
10−6) and CP asymmetries (in %) in several approaches. Experimental averages from HFAG are
also shown.
QCDF [50] SCET I [58] SCET II [58] exp
BR(K¯0η′) 46.5+4.7+24.9+12.3+31.0
−4.4−15.4−6.8−13.5 63.2 ± 24.7 ± 4.2± 8.1 62.2± 23.7 ± 5.5± 7.2 64.9± 3.5
ACP(K¯
0η′) 1.8+0.4+0.3+0.1+0.8
−0.5−0.3−0.2−0.8 1.1± 0.6 ± 1.2 ± 0.2 −2.7± 0.7± 0.8± 0.5 9± 6
BR(K¯0η) 1.1+0.1+2.0+0.4+1.3
−0.1−1.3−0.5−0.5 2.4± 4.4 ± 0.2 ± 0.3 2.3± 4.4 ± 0.2± 0.5 < 1.9
ACP(K¯
0η) −9.0+2.8+ 5.4+2.8+8.2
−2.1−12.6−6.2−7.8 21± 20± 4± 3 −18± 22± 6± 4
BR(K−η′) 49.1+5.1+26.5+13.6+33.6
−4.9−16.3−7.4−14.6 69.5 ± 27.0 ± 4.3± 7.7 69.3± 26.0 ± 7.1± 6.3 69.7+2.8−2.7
ACP(K
−η′) 2.4+0.6+0.6+0.3+3.4
−0.7−0.8−0.4−3.5 −1± 0.6 ± 0.7 ± 0.5 0.7± 0.5 ± 0.2± 0.9 3.1 ± 2.1
BR(K−η) 1.9+0.5+2.4+0.5+1.6
−0.5−1.6−0.6−0.7 2.7± 4.8 ± 0.4 ± 0.3 2.3± 4.5 ± 0.4± 0.3 2.2 ± 0.3
ACP(K
−η) −18.9+6.4+11.7+4.8+25.3
−6.9−17.5−8.5−21.8 33± 30± 7± 3 −33± 39± 10± 4 29± 11
complete generality of the method.
Notice also thatB → Kπ data in Tab. I are perfectly reproduced in the GP approach, thus
showing on general grounds the absence of any “Kπ puzzle”, although specific dynamical
assumptions may lead to discrepancies between theory and experiment [80, 97–100].
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TABLE III: Results for CP-averaged BR’s (in units of 10−6) and CP asymmetries (in %) in several
approaches for B → PV decays. Experimental averages from HFAG are also shown.
QCDF [50] PQCD [54, 55] GP [92] exp
BR(pi−K¯∗0) 3.6+0.4+1.5+1.2+7.7
−0.3−1.4−1.2−2.3 6.0
+2.8
−1.5 11.3 ± 0.9 10.7 ± 0.8
ACP(pi
−K¯∗0) 1.6+0.4+0.6+0.5+2.5
−0.5−0.5−0.4−1.0 −1+1−0 −7± 6 −8.5± 5.7
BR(pi0K∗−) 3.3+1.1+1.0+0.6+4.4
−1.0−0.9−0.6−1.4 4.3
+5.0
−2.2 7.3± 0.6 6.9± 2.3
ACP(pi
0K∗−) 8.7+2.1+5.0+2.9+41.7
−2.6−4.3−3.4−44.2 −32+21−28 −2± 13 4± 29
BR(pi+K∗−) 3.3+1.4+1.3+0.8+6.2
−1.2−1.2−0.8−1.6 6.0
+6.8
−2.6 8.5± 0.8 9.8± 1.1
ACP(pi
+K∗−) 2.1+0.6+8.2+5.1+62.5
−0.7−7.9−5.8−64.2 −60+32−19 −4± 13 −5± 14
BR(pi0K¯∗0) 0.7+0.1+0.5+0.3+2.6
−0.1−0.4−0.3−0.5 2.0
+1.2
−0.6 3.1± 0.4 0.0+1.3−0.1
ACP(pi
0K¯∗0) −12.8+4.0+4.7+2.7+31.7
−3.2−7.0−4.0−35.3 −11+7−5 −11± 15 −1± 27
BR(K¯0ρ−) 5.8+0.6+7.0+1.5+10.3
−0.6−3.3−1.3− 3.2 8.7
+6.8
−4.4 7.8± 1.1 8.0+1.5−1.4
ACP(K¯
0ρ−) 0.3+0.1+0.3+0.2+1.6
−0.1−0.4−0.1−1.3 1± 1 0.02 ± 0.17 12± 17
BR(K−ρ0) 2.6+0.9+3.1+0.8+4.3
−0.9−1.4−0.6−1.2 5.1
+4.1
−2.8 4.15 ± 0.50 4.25+0.55−0.56
ACP(K
−ρ0) −13.6+4.5+6.9+3.7+62.7
−5.7−4.4−3.1−55.4 71
+25
−35 29± 10 31+11−10
BR(K−ρ+) 7.4+1.8+7.1+1.2+10.7
−1.9−3.6−1.1− 3.5 8.8
+6.8
−4.5 10.2 ± 1.0 15.3+3.7−3.5
ACP(K
−ρ+) −3.8+1.3+4.4+1.9+34.5
−1.4−2.7−1.6−32.7 64
+24
−30 21± 10 22± 23
BR(K¯0ρ0) 4.6+0.5+4.0+0.7+6.1
−0.5−2.1−0.7−2.1 4.8
+4.3
−2.3 5.2± 0.7 5.4+0.9−1.0
ACP(K¯
0ρ0) 7.5+1.7+2.3+0.7+8.8
−2.1−2.0−0.4−8.7 7
+8
−5 1± 15 −64± 46
BR(K−ω) 3.5+1.0+3.3+1.4+4.7
−1.0−1.6−0.9−1.6 10.6
+10.4
−5.8 6.9± 0.5 6.8± 0.5
ACP(K
−ω) −7.8+2.6+5.9+2.4+39.8
−3.0−3.6−1.9−38.0 32
+15
−17 5± 6 5± 6
BR(K¯0ω) 2.3+0.3+2.8+1.3+4.3
−0.3−1.3−0.8−1.3 9.8
+8.6
−4.9 4.6± 0.5 5.2± 0.7
ACP(K¯
0ω) −8.1+2.5+3.0+1.7+11.8
−2.0−3.3−1.4−12.9 −3+2−4 −5± 11 21± 19
BR(K−φ) 4.5+0.5+1.8+1.9+11.8
−0.4−1.7−2.1− 3.3 7.8
+5.9
−1.8 8.39 ± 0.59 8.30± 0.65
ACP(K
−φ) 1.6+0.4+0.6+0.5+3.0
−0.5−0.5−0.3−1.2 1
+0
−1 3.0± 4.5 3.4± 4.4
BR(K¯0φ) 4.1+0.4+1.7+1.8+10.6
−0.4−1.6−1.9− 3.0 7.3
+5.4
−1.6 7.8± 0.9 8.3+1.2−1.0
ACP(K¯
0φ) 1.7+0.4+0.6+0.5+1.4
−0.5−0.5−0.3−0.8 3
+1
−2 1± 6 −1± 13
We conclude that factorization approaches in general show a remarkable agreement with
experimental data, but their predictions suffer from large uncertainties. Furthermore, QCDF
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TABLE IV: Results for CP-averaged BR’s (in units of 10−6) and CP asymmetries (in %) in several
approaches for Bs → PP decays. The only available experimental result is BR(Bs → K+K−) =
(24.4 ± 4.8) · 10−6 [96].
QCDF [50] PQCD [95] SCET I [58] SCET II [58]
BR(K+K−) 22.7+3.5 +12.7+2.0+24.1
−3.2− 8.4−2.0− 9.1 17.0
+5.1+8.8+0.9
−4.1−5.0−0.3 18.2 ± 6.7± 1.1± 0.5
ACP(K
+K−) 4.0+1.0+2.0+0.5+10.4
−1.0−2.3−0.5−11.3 −25.8+1.1+5.2+0.9−0.2−4.5−1.1 −6± 5± 6± 2
BR(K0K¯0) 24.7+2.5 +13.7+2.6+25.6
−2.4− 9.2−2.9− 9.8 19.6
+6.4+10.4+0.0
−4.9−5.4−0.0 17.7 ± 6.6± 0.5± 0.6
ACP(K
0K¯0) 0.9+0.2+0.2+0.1+0.2
−0.2−0.2−0.1−0.3 0 < 10
BR(ηη) 15.6+1.6+9.9+2.2+13.5
−1.5−6.8−2.5− 5.5 14.6
+4.0+8.9+0.0
−3.2−5.4−0.0 7.1± 6.4± 0.2 ± 0.8 6.4± 6.3 ± 0.1 ± 0.7
ACP(ηη) −1.6+0.5+0.6+0.4+2.2−0.4−0.6−0.7−2.2 −1.6+0.3+0.7+0.1−0.3−0.6−0.1 7.9± 4.9± 2.7 ± 1.5 −1.1± 5.0± 3.9± 1.0
BR(ηη′) 54.0+5.5 +32.4+8.3+40.5
−5.2−22.4−6.4−16.7 39.0
+9.0+20.4+0.0
−7.8−13.1−0.0 24.0 ± 13.6 ± 1.4± 2.7 23.8 ± 13.2 ± 1.6± 2.9
ACP(ηη
′) 0.4+0.1+0.3+0.1+0.4
−0.1−0.3−0.1−0.3 −1.2+0.1+0.2+0.1−0.0−0.1−0.1 0.04 ± 0.14 ± 0.39 ± 0.43 2.3± 0.9 ± 0.8 ± 7.6
BR(η′η′) 41.7+4.2+26.3+15.2+36.6
−4.0−17.2− 8.5−15.4 29.6
+5.2+14.0+0.0
−5.3−8.9−0.0 44.3 ± 19.7 ± 2.3± 17.1 49.4 ± 20.6 ± 8.4 ± 16.2
ACP(η
′η′) 2.1+0.5+0.4+0.2+1.1
−0.6−0.4−0.3−1.2 2.2
+0.4+0.2+0.2
−0.4−0.4−0.1 0.9± 0.4± 0.6 ± 1.9 −3.7± 1.0± 1.2± 5.6
and SCET cannot reproduce rate asymmetries in B → Kπ; this might be a hint that some
delicate aspects of the dynamics of penguin decays, for example rescattering and final state
interaction phases, are not fully under control. It is then reassuring that a more general
approach as GP can reproduce the experimental data with reasonable (but not too small)
values of the Λ/mb corrections to factorization. To quantify this statement, we report in
Fig. 1 the results of the GP fit for ACP(B → Kπ) as a function of the upper bound on
Λ/mb corrections [92]. It is clear that imposing a too low upper bound, of order 10%, would
generate a spurious tension between theory and experiment.
For the reader’s convenience, we report in Tabs. IV and V the predictions obtained in
several approaches for BR’s and CP asymmetries of Bs penguin-dominated b→ s decays.
B. Predictions for S and ∆S in b→ s penguins
Keeping in mind the results of Sec. IIIA, we now turn to the main topic of this review,
namely our ability to test the SM using time-dependent CP asymmetries in b→ s penguin
nonleptonic decays.
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TABLE V: Results for CP-averaged BR’s (in units of 10−6) and CP asymmetries (in %) in several
approaches for Bs → PV decays. No experimental data are available yet.
Channel QCDF [50] PQCD [95]
BR(K+K∗−) 4.1+1.7+1.5+1.0+9.2
−1.5−1.3−0.9−2.3 7.4
+2.1+1.9+0.9
−1.8−1.4−0.4
ACP(K
+K∗−) 2.2+0.6+8.4+5.1+68.6
−0.7−8.0−5.9−71.0 −40.6+2.9+2.2+1.8−2.4−3.0−1.3
BR(K0K¯∗0) 3.9+0.4+1.5+1.3+10.4
−0.4−1.4−1.4− 2.8 9.1
+3.2+2.6+0.0
−2.2−1.5−0.0
ACP(K
0K¯∗0) 1.7+0.4+0.6+0.5+1.4
−0.5−0.5−0.4−0.8 0
BR(K−K∗+) 5.5+1.3+5.0+0.8+14.2
−1.4−2.6−0.7− 3.6 6.5
+1.2+3.3+0.0
−1.2−1.8−0.1
ACP(K
−K∗+) −3.1+1.0+3.8+1.6+47.5
−1.1−2.6−1.3−45.0 63.2
+5.2+8.0+5.1
−5.8−10.2−2.6
BR(K¯0K∗0) 4.2+0.4+4.6+1.1+13.2
−0.4−2.2−0.9− 3.2 5.9
+0.9+2.8+0.0
−1.1−1.8−0.0
ACP(K¯
0K∗0) 0.2+0.0+0.2+0.1+0.2
−0.1−0.3−0.1−0.1 0
BR(ηω) 0.012+0.005 +0.010+0.028+0.025
−0.004−0.003−0.006−0.006 0.10
+0.02+0.03+0.00
−0.02−0.01−0.00
ACP(ηω) 3.2
+6.1+15.2+0.3
−3.9−11.2−0.1
BR(η′ω) 0.024+0.011 +0.028+0.077+0.042
−0.009−0.006−0.010−0.015 0.66
+0.23+0.22+0.01
−0.18−0.21−0.03
ACP(η
′ω) −0.1+0.7+3.9+0.0
−0.8−4.2−0.0
BR(ηφ) 0.12+0.02 +0.95+0.54+0.32
−0.02−0.14−0.12−0.13 1.8
+0.5+0.1+0.0
−0.5−0.2−0.0
ACP(ηφ) −8.4+2.0+30.1+14.6+36.3−2.1−71.2−44.7−59.7 −0.1+0.2+2.3+0.0−0.4−1.4−0.0
BR(η′φ) 0.05+0.01 +1.10+0.18+0.40
−0.01−0.17−0.08−0.04 3.6
+1.2+0.4+0.0
−0.9−0.4−0.0
ACP(η
′φ) −62.2+15.9+132.3+80.8+122.4
−10.2− 84.2−46.8− 49.9 1.2
+0.1+0.4+0.1
−0.0−0.6−0.1
Starting from Eq. (5), we write down the expression for SF as follows:
SF =
sin(2(βs + φM)) + |rF |2 sin(2(φM + γ)) + 2Re rF sin(βs + 2φM + γ)
1 + |rF |2 + 2Re rF cos(βs − γ) , (7)
where rF = |VusVub|/|VtsVtb| ×∑(Ti + PGIMi )/∑Pi with Ti = 0 for pure penguin channels.
Since the angle βs is small and very well known (βs = (2.1 ± 0.1)◦), the problem is then
reduced to the evaluation of κF =
∑
(Ti + P
GIM
i )/
∑
Pi for each channel (notice that Ti = 0
for pure penguin channels). Factorization methods have been used to provide estimates of
κF , SF and ∆SF for b → s channels. The latter are reported in Tables VI and VII. A
few remarks are important. First of all, the evaluation of PGIMi relies on the factorization
of penguin contractions of charm and up quarks, which is debatable even in the infinite
mass limit. In addition to that, in factorization PGIM has a perturbative loop suppression
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FIG. 1: ACP values for B → Kpi in the GP approach [92], obtained varying O(ΛQCD/mb) con-
tributions in the range [0, UV], with the upper value UV scanned between zero and one (in units
of the factorized emission amplitude). For comparison, the experimental 68% (95%) probability
range is given by the dark (light) band.
TABLE VI: Predictions for S parameters in % for B decays. Experimental averages from HFAG
are also shown.
PQCD [54, 55] SCET I [58] SCET II [58] GP [92] exp
Spi0KS 74
+2
−3 80± 2± 2± 1 74.3 ± 4.4 33± 21
Sη′KS 70.6 ± 0.5± 0.6 ± 0.3 71.5 ± 0.5± 0.8± 0.2 70.9 ± 3.9 61± 7
SηKS 69± 15± 5± 1 79± 14± 4± 1
SφKS 71
+1
−1 71.5 ± 8.7 39± 18
Sρ0KS 50
+10
− 6 64± 11 20± 57
SωKS 84
+3
−7 75.7± 10.3 48± 24
so that it is likely to be dominated by power corrections. Furthermore, the contribution of
Ti and P
GIM
i is particularly difficult to estimate for η and η
′ channels. Last but not least,
the determination of the sign of ∆SF relies heavily on the determination of the sign of Re
κF . If P
GIM
i is dominated by power corrections, there is no guarantee that the sign given by
the perturbative calculation is correct.
With the above caveat in mind, from Tables VI and VII we learn that:
• Experimentally there is a systematic trend for negative ∆S. This might be a hint of
the presence of new sources of CP violation in the b→ s penguin amplitude.
• The experimental uncertainty is dominant in all channels. In addition to that, the GP
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TABLE VII: Predictions for ∆S parameters in % for B decays. Experimental averages from HFAG
are also shown.
QCDF [101] SCET I [58] SCET II [58] GP [92] exp
∆Spi0KS 7
+5
−4 7.7± 2.2± 1.8 ± 1 2.4± 5.9 −35± 21
∆Sη′KS 1
+1
−1 −1.9± 0.5± 0.6 ± 0.3 −1.0± 0.5± 0.8± 0.2 −0.7 ± 5.4 −7± 7
∆SηKS 10
+11
− 7 −3.4± 15.5 ± 5.4± 1.4 7.0 ± 13.6 ± 4.2 ± 1.1
∆SφKS 2
+1
−1 0.4± 9.2 −29± 18
∆Sρ0KS −8+ 8−12 −6.2 ± 8.4 −48± 57
∆SωKS 13
+8
−8 5.6± 10.7 −20± 24
estimate of the theoretical uncertainty, which is certainly conservative, can be reduced
with experimental improvements on BR’s and CP asymmetries.
• As discussed in Sec. II, the theoretical uncertainty estimated from first principles is
much smaller for pure penguin decays such as B → φKs than for penguin-dominated
channels.
• In the model-independent GP approach, the theoretical uncertainty is smaller for
B → π0Ks because the number of observables in the B → Kπ system is sufficient to
constrain efficiently the hadronic parameters. This means that the theoretical error
can be kept under control by improving the experimental data in these channels.
On the other hand, the information on B → φKs is not sufficient to bound the
subleading terms and this results in a relatively large theoretical uncertainty that
cannot be decreased without additional input on hadronic parameters. Furthermore,
using SU(3) to constrain ∆SφKs is difficult because the number of amplitudes involved
is very large [64, 85–87].
The ideal situation would be represented by a pure penguin decay for which the infor-
mation on PGIMi is available with minimal theoretical input. Such situation is realized by
the pure penguin decays Bs → K0(∗)K¯0(∗). An upper bound for the PGIMi entering this
amplitude can be obtained from the SU(3)-related channels Bd → K0(∗)K¯0(∗). Then, even
adding a generous 100% SU(3) breaking and an arbitrary strong phase, it is possible to have
full control over the theoretical error in ∆S [94].
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TABLE VIII: Predictions for S parameters for Bs decays.
PQCD [95] SCET I [58] SCET II [58]
B¯0s → KSpi0 −0.46+0.14+0.19+0.02−0.13−0.20−0.04 −0.16± 0.41 ± 0.33 ± 0.17
B¯0s → KSη −0.31+0.05+0.16+0.02−0.05−0.17−0.03 0.82 ± 0.32 ± 0.11± 0.04 0.63 ± 0.61 ± 0.16 ± 0.08
B¯0s → KSη′ −0.72+0.02+0.04+0.00−0.02−0.03−0.00 0.38 ± 0.08 ± 0.10± 0.04 0.24 ± 0.09 ± 0.15 ± 0.05
B¯0s → K−K+ 0.28+0.04+0.04+0.02−0.04−0.03−0.01 0.19 ± 0.04 ± 0.04± 0.01
B¯0s → pi0η 0.00+0.03+0.09+0.00−0.02−0.10−0.01 0.45 ± 0.14 ± 0.42± 0.30 0.38 ± 0.20 ± 0.42 ± 0.37
B¯0s → ηη 0.03+0.00+0.01+0.00−0.00−0.01−0.00 −0.026 ± 0.040 ± 0.030 ± 0.014 −0.077 ± 0.061 ± 0.022 ± 0.026
B¯0s → ηη′ 0.04+0.00+0.00+0.00−0.00−0.00−0.00 0.041 ± 0.004 ± 0.002 ± 0.051 0.015 ± 0.010 ± 0.008 ± 0.069
B¯0s → η′η′ 0.04+0.00+0.00+0.00−0.00−0.00−0.00 0.049 ± 0.005 ± 0.005 ± 0.031 0.051 ± 0.009 ± 0.017 ± 0.039
B¯0s → ωη 0.07+0.00+0.04+0.00−0.01−0.11−0.00
B¯0s → ωη′ −0.19+0.01+0.04+0.01−0.01−0.04−0.03
B¯0s → φη 0.10+0.01+0.04+0.01−0.01−0.03−0.00
B¯0s → φη′ 0.00+0.00+0.02+0.00−0.00−0.02−0.00
B¯0s → KSφ −0.72
For the reader’s convenience, we report in Tab. VIII the predictions for the S coefficient
of the time-dependent CP asymmetry for several Bs penguin-dominated decays.
Before closing this Section, let us mention non-resonant three-body B decays such as
B → Ksπ0π0, B → KsKsKs or B → K+K−Ks. In this case, a theoretical estimate of κF
is extremely challenging, and using SU(3) to constrain κF is difficult because of the large
number of channels involved [85]. Nevertheless, they are certainly helpful in completing the
picture of CP violation in b→ s penguins.
To summarize the status of b → s penguins in the SM, we can say that additional
experimental data will allow us to establish whether the trend of negative ∆S shown by
present data really signals the presence of NP in b→ s penguins. Theoretical errors are not
an issue in this respect, because the estimates based on factorization can in most cases be
checked using the GP approach based purely on experimental data. Bs decays will provide
additional useful channels and will help considerably in assessing the presence of NP in
b→ s penguins.
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IV. CP VIOLATION IN b→ s PENGUINS BEYOND THE SM
We have seen that there is a hint of NP in CP-violating b → s hadronic penguins. In
this Section, we would like to answer two basic questions that arise when considering NP
contributions to these decays:
1. What are the constraints from other processes on new sources of CP violation in b→ s
transitions?
2. Are NP contributions to b → s transitions well motivated from the theoretical point
of view?
We consider here only model-independent aspects of these two questions, and postpone
model-dependent analyses to Section V.
A. Model-independent constraints on b→ s transitions
The last year has witnessed enormous progress in the experimental study of b→ s tran-
sitions. In particular, the TeVatron experiments have provided us with the first information
on the Bs − B¯s mixing amplitude [102], which can be translated into constraints on the
∆B = ∆S = 2 effective Hamiltonian. In any given model, as we shall see for example in
Sec. V, these constraints can be combined with the ones from b→ sγ and b→ sℓ+ℓ− decays
to provide strong bounds on NP effects in b→ s hadronic penguins.
Let us now summarize the presently available bounds on the Bs − B¯s mixing amplitude,
following the discussion of ref. [103]. General NP contributions to the ∆B = ∆S = 2 effective
Hamiltonian can be incorporated in the analysis in a model-independent way, parametrizing
the shift induced in the mixing frequency and phase with two parameters, CBs and φBs,
equal to 1 and 0 in the SM [104–108]:
CBse
2iφBs =
〈Bs|Hfulleff |B¯s〉
〈Bs|HSMeff |B¯s〉
. (8)
As for the absorptive part of the Bs − B¯s mixing amplitude, which is derived from the
double insertion of the ∆B = 1 effective Hamiltonian, it can be affected by non-negligible
NP effects in ∆B = 1 transitions through penguin contributions. Following refs. [4, 5], we
thus introduce two additional parameters, CPens and φ
Pen
s , which encode NP contributions
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FIG. 2: Constraints on the φBs vs. CBs plane [103]. Darker (lighter) regions correspond to 68%
(95%) probability.
to the penguin part of the ∆B = 1 Hamiltonian in analogy to what CBs and φBs do for the
mixing amplitude.
The available experimental information is the following: the measurement of ∆ms [102],
the semileptonic asymmetry in Bs decays A
s
SL and the dimuon asymmetry ACH from DØ [109,
110], the measurement of the Bs lifetime from flavor-specific final states [111–116], the
determination of ∆Γs/Γs from the time-integrated angular analysis of Bs → J/ψφ decays
by CDF [117], the three-dimensional constraint on Γs, ∆Γs, and Bs–B¯s mixing phase φs
from the time-dependent angular analysis of Bs → J/ψφ decays by DØ [118].
Making use of this experimental information it is possible to constrain CBs and φBs [5,
103, 119–122]. The fourfold ambiguity for φBs inherent in the untagged analysis of ref. [118]
is somewhat reduced by the measurements of AsSL and ASL [123], which prefer negative values
of φBs. The results for CBs and φBs , obtained from the general analysis allowing for NP in
all sectors, are [103]
CBs = 1.03± 0.29 , φBs = (−75± 14)◦ ∪ (−19± 11)◦ ∪ (9± 10)◦ ∪ (102± 16)◦ . (9)
Thus, the deviation from zero in φBs is below the 1σ level, although clearly there is still
ample room for values of φBs very far from zero. The corresponding p.d.f. in the CBs-φBs
plane is shown in Fig. 2.
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The experimental information on b → sγ and b → sℓ+ℓ− decays [124–130] can also
be combined in a model-independent way along the lines of refs. [131–134]. In this way,
it is possible to constrain the coefficients of the b → sγ, b → sγ∗ and b → sZ vertices,
which also contribute to b → s hadronic penguins. It turns out that order-of-magnitude
enhancements of these vertices are excluded, so that they are unlikely to give large effects
in b → s nonleptonic decays. On the other hand, the b → sg vertex is only very weakly
constrained, so that it can still give large contributions to b→ s hadronic penguins. Finally,
the information contained in Eq. (9) can be used to constrain NP effects in b→ s hadronic
decays only within a given model, since a connection between ∆B = 2 and ∆B = 1 effective
Hamiltonians is possible only once the model is specified. We shall return to this point in
Sec. V.
B. Theoretical motivations for NP in b→ s transitions
We now turn to the second question formulated at the beginning of this Section, namely
whether on general grounds it is natural to expect NP to show up in b → s transitions.
The general picture emerging from the generalized Unitarity Triangle analysis performed in
ref. [4, 5, 103] and from the very recent data on D − D¯ mixing [135–138] is that no new
sources of CP violation are present in Bd, K and D mixing amplitudes. Conversely, large NP
contributions to s→ dg, b→ dg and b→ sg transitions are not at all excluded. Therefore,
although the idea of minimal flavor violation is phenomenologically appealing [21, 139–144],
an equally possible alternative is that NP is contributing more to ∆F = 1 transitions than
to ∆F = 2 ones. Within the class of ∆F = 1 transitions, (chromo)-magnetic vertices are
peculiar since they require a chirality flip to take place, which leads to a down-type quark
mass suppression within the SM. On the other hand, NP models can weaken this suppression
if they contain additional heavy fermions and/or additional sources of chiral mixing. In this
case, they can lead to spectacular enhancements for the coefficients of (chromo)-magnetic
operators. Furthermore, if the relevant new particles are colored, they can naturally give a
strong enhancement of chromomagnetic operators while magnetic operators might be only
marginally modified [145]. The electric dipole moment of the neutron puts strong constraints
on new sources of CP violation in chirality-flipping flavor-conserving operators involving light
quarks, but this does not necessarily imply the suppression of flavor-violating operators,
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especially those involving b quarks. Therefore, assuming that NP is sizable in hadronic
b → s penguins is perfectly legitimate given the present information available on flavor
physics.
From a theoretical point of view, a crucial observation is the strong breaking of the
SM SU(3)5 flavor symmetry by the top quark Yukawa coupling. This breaking necessarily
propagates in the NP sector, so that in general it is very difficult to suppress NP contributions
to CP violation in b decays, and these NP contributions could be naturally larger in b→ s
transitions than in b → d ones. This is indeed the case in several flavor models (see for
example Ref. [146]).
Another interesting argument is the connection between quark and lepton flavor violation
in grand unified models [147–150]. The idea is very simple: the large flavor mixing present
in the neutrino sector, if mainly generated by Yukawa couplings, should be shared by right-
handed down-type quarks that sit in the same SU(5) multiplet with left-handed leptons.
Once again, one expects in this case large NP contributions to b→ s transitions.
We conclude that the possibility of large NP effects in b → s penguin hadronic decays
is theoretically well motivated on general grounds. The arguments sketched above can of
course be put on firmer grounds in the context of specific models, and we refer the reader
to the rich literature on this subject.
V. SUSY MODELS
Let us now focus on SUSY and discuss the phenomenological effects of the new sources
of flavor and CP violation in b → s processes that arise in the squark sector [151–173].
In general, in the MSSM squark masses are neither flavor-universal, nor are they aligned
to quark masses, so that they are not flavor diagonal in the super-CKM basis, in which
quark masses are diagonal and all neutral current vertices are flavor diagonal. The ratios of
off-diagonal squark mass terms to the average squark mass define four new sources of flavor
violation in the b → s sector: the mass insertions (δd23)AB, with A,B = L,R referring to
the helicity of the corresponding quarks. These δ’s are in general complex, so that they also
violate CP. One can think of them as additional CKM-type mixings arising from the SUSY
sector. Assuming that the dominant SUSY contribution comes from the strong interaction
sector, i.e. from gluino exchange, all FCNC processes can be computed in terms of the
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SM parameters plus the four δ’s plus the relevant SUSY parameters: the gluino mass mg˜,
the average squark mass mq˜, tan β and the µ parameter. The impact of additional SUSY
contributions such as chargino exchange has been discussed in detail in Ref. [166]. We
consider only the case of small or moderate tanβ, since for large tan β the constraints from
Bs → µ+µ− and ∆ms preclude the possibility of having large effects in b → s hadronic
penguin decays [163, 174–179].
Barring accidental cancellations, one can consider one single δ parameter, fix the SUSY
masses and study the phenomenology. The constraints on δ’s come at present from B →
Xsγ, B → Xsl+l− and from the Bs− B¯s mixing amplitude as given in Eq. (9). We refer the
reader to refs. [180–182] for all the details of this analysis.
Fixing as an example mg˜ = mq˜ = |µ| = 350 GeV and tan β = 3 or 10, one obtains
the constraints on δ’s reported in Figs. 3-5 [181, 182]. We plot in light green the allowed
region considering only the constraint from the CBs vs. φBs p.d.f. of Fig. 2, in light blue
the allowed region considering only the constraint from b→ sℓ+ℓ− and in violet the allowed
region considering only the constraint from b→ sγ. The dark blue region is the one selected
imposing all constraints simultaneously.
Several comments are in order at this point:
• Only (δd23)LL,LR generate amplitudes that interfere with the SM in rare decays. There-
fore, the constraints from rare decays for (δd23)RL,RR are symmetric around zero, while
the interference with the SM produces the circular shape of the B → Xsγ constraint
on (δd23)LL,LR.
• We recall that LR and RL mass insertions generate much larger contributions to the
(chromo)magnetic operators, since the necessary chirality flip can be performed on the
gluino line (∝ mg˜) rather than on the quark line (∝ mb). Therefore, the constraints
from rare decays are much more effective on these insertions, so that the bound from
Bs − B¯s has no impact in this case.
• The µ tanβ flavor-conserving LR squark mass term generates, together with a flavor
changing LL mass insertion, an effective (δd23)
eff
LR that contributes to B → Xsγ. For
positive (negative) µ, we have (δd23)
eff
LR ∝ +(−)(δd23)LL and therefore the circle deter-
mined by B → Xsγ in the LL and LR cases lies on the same side (on opposite sides)
of the origin (see Figs. 3 and 4).
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FIG. 3: Allowed region in the Re
(
δd23
)
LL
-Im
(
δd23
)
LL
plane. In the plots on the left (right), negative
(positive) µ is considered. Plots in the upper (lower) row correspond to tan β = 3 (tan β = 10).
See the text for details.
• For tanβ = 3, we see from the upper row of Fig. 3 that the bound on (δd23)LL from
Bs− B¯s mixing is competitive with the one from rare decays, while for tanβ = 10 rare
decays give the strongest constraints (lower row of Fig. 3). The bounds on all other
δ’s do not depend on the sign of µ and on the value of tanβ for this choice of SUSY
parameters.
• For LL and LR cases, B → Xsγ and B → Xsl+l− produce bounds with different
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FIG. 4: Allowed region in the Re
(
δd23
)
LR
-Im
(
δd23
)
LR
(left) and Re
(
δd23
)
RL
-Im
(
δd23
)
RL
(right) plane.
Results do not depend on the sign of µ or on the value of tan β.
FIG. 5: Allowed region in the Re
(
δd23
)
RR
-Im
(
δd23
)
RR
plane. Results do not depend on the sign of
µ or on the value of tan β. See the text for details.
shapes on the Re δ – Im δ plane (violet and light blue regions in Figs. 3 and 4), so
that applying them simultaneously a much smaller region around the origin survives
(dark blue regions in Figs. 3 and 4). This shows the key role played by rare decays in
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FIG. 6: Allowed region in the Re
(
δd23
)
LL=RR
-Im
(
δd23
)
LL=RR
plane. In the plots on the left (right),
negative (positive) µ is considered. Plots in the upper (lower) row correspond to tan β = 3 (tan β =
10). See the text for details.
constraining new sources of flavor and CP violation in the squark sector.
• For the RR case, the constraints from rare decays are very weak, so that the only
significant bound comes from Bs − B¯s mixing.
• If (δd23)LL and (δd23)RR insertions are simultaneously nonzero, they generate chirality-
breaking contributions that are strongly enhanced over chirality-conserving ones, so
27
that the product (δd23)LL(δ
d
23)RR is severely bounded. In Fig. 6 we report the allowed
region obtained in the case (δd23)LL = (δ
d
23)RR. For (δ
d
23)LL 6= (δd23)RR, this constraint can
be interpreted as a bound on
√
(δd23)LL(δ
d
23)RR. We observe a very interesting interplay
between the constraints from rare decays and the one from Bs− B¯s mixing. Increasing
tan β from 3 to 10, the bound from rare decays becomes tighter, but Bs − B¯s mixing
still plays a relevant role.
• All constraints scale approximately linearly with squark and gluino masses.
FIG. 7: Probability density functions for SφKs, Spi0Ks , Sη′Ks and SωKs induced by (δ
d
23)LL.
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FIG. 8: Probability density functions for SφKs, Spi0Ks , Sη′Ks and SωKs induced by (δ
d
23)LR.
Having determined the p.d.f’s for the four δ’s, we now turn to the evaluation of the time-
dependent CP asymmetries. As we discussed in Sec. II, the uncertainty in the calculation of
SUSY effects is even larger than the SM one. Furthermore, we cannot use the GP approach
since to estimate the SUSY contribution we need to evaluate the hadronic matrix elements
explicitly. Following ref. [180], we use QCDF, enlarging the range for power-suppressed
contributions to annihilation chosen in Ref. [50] as suggested in Ref. [42]. We warn the
reader about the large theoretical uncertainties that affect this evaluation.
In Figs. 7-10 we present the results for SφKs, Spi0Ks, Sη′Ks and SωKs . They do not show a
29
FIG. 9: Probability density functions for SφKs, Spi0Ks , Sη′Ks and SωKs induced by (δ
d
23)RL.
sizable dependence on the sign of µ or on tanβ for the chosen range of SUSY parameters.
We see that:
• deviations from the SM expectations are possible in all channels, and the present
experimental central values can be reproduced;
• they are more easily generated by LR and RL insertions, due to the enhancement
mechanism discussed above.
• As noticed in refs. [183, 184], the correlation between ∆SPP and ∆SPV depends on
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FIG. 10: Probability density functions for SφKs, Spi0Ks , Sη′Ks and SωKs induced by (δ
d
23)RR.
the chirality of the NP contributions. For example, we show in Fig. 11 the correlation
between ∆SKSφ and ∆SKspi0 for the four possible choices for mass insertions. We
see that the ∆SKSφ and ∆SKspi0 are correlated for LL and LR mass insertions, and
anticorrelated for RL and RR mass insertions.
An interesting issue is the scaling of SUSY effects in ∆S with squark and gluino masses.
We have noticed above that the constraints from other processes scale linearly with the
SUSY masses. Now, it turns out that also the dominant SUSY contribution to ∆S, the
chromomagnetic one, scales linearly with SUSY masses as long as mg˜ ∼ mq˜ ∼ µ. This
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FIG. 11: Correlation between SφKs and Spi0Ks for LL, LR, RL and RR mass insertions.
means that there is no decoupling of SUSY contributions to ∆S as long as the constraint
from other processes can be saturated for δ < 1. From Figs. 3-5 we see that the bounds on
LL and RR mass insertions quickly reach the physical boundary at δ = 1, while LR and RL
are safely below that bound. Chirality flipping LR and RL insertions cannot become too
large in order to ensure the absence of charge and color breaking minima and unbounded
from below directions in the scalar potential [185]. However, it is easy to check that the
flavor bounds given above are stronger for SUSY masses up to (and above) the TeV scale.
We conclude that LR and RL mass insertions can give observable effects for SUSY masses
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within the reach of LHC and even above. This is shown explicitly in Figs. 12 and 13, where
we present the p.d.f. for SφKs, Spi0Ks, Sη′Ks and SωKs for SUSY masses of 1 TeV.
FIG. 12: Probability density functions for SφKs , Spi0Ks , Sη′Ks and SωKs induced by (δ
d
23)LR for
mg˜ = mq˜ = µ = 1 TeV.
VI. NON-SUSY MODELS
In general, one expects sizable values of ∆S in all models in which new sources of CP
violation are present in b→ s penguins. In particular, models with a fourth generation, both
vectorlike and sequential, models with warped extra dimensions in which the flavor structure
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FIG. 13: Probability density functions for SφKs , Spi0Ks , Sη′Ks and SωKs induced by (δ
d
23)RL for
mg˜ = mq˜ = µ = 1 TeV.
of the SM is obtained using localization of fermion wave functions, and models with Z ′ gauge
bosons can all give potentially large contributions to b→ s penguins [186–190].
In any given NP model, it is possible to perform a detailed analysis along the lines of
Sec. V, considering the constraints from Bs − B¯s mixing and from rare B decays, plus the
constraints from all other sectors if they are correlated with b→ s transitions in the model.
On general grounds, the dominant contributions to b → s hadronic decays are expected to
come from electroweak or chromomagnetic penguins. The correlation between the induced
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∆SPP and ∆SPV can give a handle on the chirality of the NP-generated operators. NP effects
in electroweak penguin contributions are in general correlated with effects in b → sℓ+ℓ−,
in b → sγ and possibly in Z → bb¯. Depending on the flavor structure of NP, other effects
might be seen in K → πνν¯ or in ε′/ε. NP effects in the chromomagnetic penguin might also
show up in b → sγ, in Bs − B¯s mixing and, if there is a correlation between the B and K
sectors, in ε′/ε.
VII. CONCLUSIONS AND OUTLOOK
We have reviewed the theoretical status of hadronic b → s penguin decays. We have
shown that, in spite of the theoretical difficulties in the evaluation of hadronic matrix el-
ements, in the SM it is possible to obtain sound theoretical predictions for the coefficient
SF of time-dependent CP asymmetries, using either models of hadronic dynamics or data-
driven approaches. Experimental data show an interesting trend of deviations from the SM
predictions that definitely deserves further theoretical and experimental investigation.
From the point of view of NP, the recent improvements in the experimental study of other
b → s processes such as Bs − B¯s transitions or b → sγ and b → sℓ+ℓ− have considerably
restricted the NP parameter space. However, there are still several NP models, in particular
SUSY with new sources of b→ smixing in squark mass matrices, that can produce deviations
from the SM in the ballpark of experimental values. In any given model, the study of
hadronic b → s penguins and of the correlation with other FCNC processes in B and K
physics is a very powerful tool to unravel the flavor structure of NP.
Any NP model with new sources of CP violation and new particles within the mass reach
of the LHC can potentially produce sizable deviations from the SM in b → s penguins. It
will be exciting to combine the direct information from the LHC and the indirect one from
flavor physics to identify the physics beyond the SM that has been hiding behind the corner
for the last decades. In this respect, future facilities for B physics will provide us with an
invaluable tool to study the origin of fermion masses and of flavor symmetry breaking, two
aspects of elementary particle physics that remain obscure in spite of the theoretical and
experimental efforts in flavor physics.
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